ABSTRACT
INTRODUCTION
The number of HIV sequences presently deposited in GenBank (42 120 as of September, 2000, mostly single genes or fragments of the ∼10 K genome) is large enough that there are many overlapping sequences. Most of these are sequences of relatively small PCR products, less than 800 bp in length, covering either the envelope V3 region, or small regions of the gag or pol genes. Around 200 are complete or nearly complete genomes spanning more than 8000 bases. * To whom correspondence should be addressed.
The analysis of multiple alignments of HIV sequences has yielded many pervasive insights into the behavior of the virus, its evolution, compartmentalization, antigenic characteristics, and immune escape. There was no simple tool to extract the region of interest from complete genomes, and locating all entries containing the region of interest involved a computer intensive BLAST search of the region against each entry in the database, and subsequent aligning and trimming of the region. In addition, the virus is immensely variable. It generates an average of one mutation per replication round, and its rate of evolution is roughly 1% per year. In some regions of the HIV genome, there can be extensive length variation, making the manual creation of alignments very labor-intensive. The size of the alignments, often several hundred to many thousands of sequences, precludes the efficient use of a multiple alignment program such as Clustal (Higgins et al., 1996) .
The Los Alamos HIV Database offers the possibility of retrieving all sequences available for any region of interest, and obtaining an on-the-fly alignment of these sequences as they are retrieved. For this purpose, a pairwise alignment of every sequence against a Hidden Markov model as implemented in HMMER is stored in the database, along with the starting and ending coordinates of the sequence relative to the HMMER model sequence, and the location of all gaps inserted into the model sequence. The model was originally generated, again using HMMER, based on 74 complete genomes of HIV-1 (very similar subtype B lab strains were eliminated to reduce bias). The starting and ending coordinates are used during retrieval to determine if the sequence falls within the region of interest. The user can choose to retrieve sequences only if they cover the entire region, or to also include fragments. 'Trailing ends' of sequences falling outside the region can either be retained or clipped off. Then the stored sequences that meet the retrieval criteria are retrieved, and the resulting alignment is gapsqueezed. The resulting alignment is usually not optimal, but can serve as an excellent starting point for further optimization. The procedure can create alignments of c Oxford University Press 2001 a size that is orders of magnitude larger than what is feasible for any multiple alignment program. Additional information from the HIV database is added to the sequence information in the alignments, in particular the viral subtype and the country of origin.
ALGORITHM
We began with a multiple sequence alignment of a representative set of 74 complete genomes of many subtypes of HIV-1, including HIV-1 O and N group and SIV-CPZant. From this alignment, we created a hidden Markov model of the aligned sequences using Eddy's HMMER package (Eddy, 1998 (Eddy, , 1995 Eddy et al., 1995) . We created a model HIV-1 sequence which would be more representative than simply choosing one complete genome from the many in the database. Even so, in phylogenetic analyses the model sequence appears close to the root of the subtype B clade, reflecting some bias toward the B clade, caused by the over-representation of subtype B sequences in the set of full-length genomes.
After the model sequence had been created, each HIV-1 sequence in the database was aligned to it using either Hidden Markov Models-Smith-Waterman algorithm (HMMSW) or Hidden Markov Models-align (HMMA). HMMSW, included in the HMMER suite, generates alignments based on the Smith-Waterman algorithm, which tend to be the best overall alignments for HIV-1. However, for a small number (about 500) of the sequences, the HMMSW program clipped off significant portions of the 3 or 5 ends of the alignment. The HMMA program, also included in the HMMER package, was used to align these sequences against the model sequence. HMMA forces an alignment of the complete query sequence against the model sequence. Whenever new sequences are downloaded from GenBank and added to the database, these steps are repeated for the new sequences. In effect, this means that a ready-made alignment of all 42 000 sequences is stored, and sequences can be retrieved from this alignment based on various criteria. To create "aligned" sets of pairwise alignments, the MPAlign query program uses three pieces of information, which are stored in the database:
-the aligned query sequence (which includes the gaps to align it to the model sequence, representing insertions in the query sequence relative to the model sequence);
-the gap list to align the model sequence against the query sequence (representing insertions in the model sequence relative to the query sequence);
-the start and stop points of the query relative to the model sequence.
In order to generate a multiple alignment, it is important that gap numbering is consistent and is relative to the model sequence. The convention used in MPAlign is to number gaps according to the base which precedes it. For example, suppose that the following aligned model sequence is produced: AGT-CAGG--C where position 1 in the model sequence is A. The corresponding gap list for this sequence would be 3 7 7: one gap to be inserted after position 3, two more after position 7. When a user selects a set of sequences based on a combination of search criteria, such as gene or gene region, subtype, and isolation country, the pairwise alignment information for the sequences that meet the criteria is retrieved from the database. To produce a multiple alignment, first the individual gap lists associated with the sequences are concatenated into a master gap list. This list represents all gaps that must be inserted into the model sequence to align it to the entire set of selected sequences. The sequences are then sequentially added to the alignment (a parallel implementation of this algorithm is in preparation at this point), as follows: the gap list for each sequence is compared against the master gap list. Any gaps in the master gap list that are missing from the individual sequence gap list must be inserted to align the sequence and the model sequence. Since all numbering is relative to the model sequence, gaps are inserted into individual sequences in such a way that they are aligned to one another as well as to the model sequence, and the set of all pairwise alignments is turned into a multiple alignment.
Example
Suppose that two sequences are selected in a set, and the region of interest (which the user defines, and will be clipped out of the sequence) extends from 1350 to 1360. The master gap list for this set is: 334 336 1332 1332 1352 1400 (position 1332 appears twice in the master gap list because for sequence 2, two gaps were inserted in the model sequence after position 1332. Position 1352, which appears in both sequence 1 and sequence 2, appears only once because it appears only once in either gap list, and it will therefore generate only one gap in the model sequence).
Since we are clipping the fragment between positions 1350 and 1360 in the model sequence, the first step is to find the segment in each sequence which corresponds to those positions. For sequence 1, gaps were inserted into the model sequence at 334 and 336. Sequence 1 starts at position 330, so these gaps are relevant for its alignment. If we simply shifted up 1350 bases in sequence 1, we would be at position 1348 in aligned the model sequence, not position 1350, because of the two inserted gaps. We therefore need to add the number of gaps inserted into the model sequence prior to the start of our region of interest. The end of our region of interest in the sequence is found similarly.
We then compare the master gap list against the sequence 1 gap list, which has one gap at position 1332. The master gap list shows 2 gaps for position 1332, so a single gap must be added after the base which aligns to position 1332 in the model sequence. 1352 appears once in the master gap list and the sequence 1 gap list, so no correction to sequence 1 is needed at position 1352. 1355 appears in the master gap list but is missing from the sequence 1 gap list; so the base which aligns to base 1355 in the model sequence is found, and a gap is added to the sequence after this base. Since the remaining positions in the master gap list and the sequence 1 gap list are greater than 1360 (the end of our clip region), the remaining gaps can be ignored and the clipped sequence 1 region, with added gaps, can be output. The entire process would then be repeated for sequence 2.
This method of aligning pairwise alignments is applicable for any method which performs pairwise alignments, not just HMMER models. HMMSW was selected because of its speed, ease of use, and the accuracy and consistency of the alignments produced. Additionally, any genome (or genomic region) which can produce a representative model sequence can use this method to produce on-the-fly alignments.
RESULTS AND DISCUSSION

Speed of the procedure
Since the alignment data are stored along with the sequence data, re-creating the alignment is not much more computationally intensive than retrieving the individual sequences. Retrieval and alignment of the sequences can be substantially faster than similar alignments with Clustal. An alignment of 560 gp120 sequences (1500 nt) was created at least 1500 times faster using MPAlign than using Clustal X (version 1.5b). Table 1 presents an overview of the quality of a number of test alignments produced by MPAlign and Clustal X, using the simple criteria of the number of introduced gaps, the total length of the resulting alignments, and the number of valid positions (i.e. columns that do not contain any gaps). It should be noted that the sequences used as input for Clustal were 'pre-clipped', i.e. they were already cut to the correct length; thus, problems with trailing ends, which are notorious for throwing off multiple alignment programs, are precluded. One of the important features of MPAlign is that it is able to locate the correct gene region and use only that. As expected, it can be seen that the Clustal alignments are generally better than the MPAlign alignments, although the difference in terms of the number of valid positions is small; in one case the MPAlign alignment actually results in more valid positions. Even for the other two criteria, in conserved regions such as RT the difference is marginal, but it can be noticeable if the region contains areas where the length variation is appreciable (such as gp120). In these regions, MPAlign will mostly serve as a fast and convenient tool to retrieve the desired region of the sequences; the alignment will require extensive manual adjustment. Unfortunately, since a set of 560 sequences is far beyond what Clustal and other true multiple alignment programs can handle in a reasonable time, it is not feasible to automate the optimization of the MPAlign alignments; the adjustment will generally have to be done by hand. It should be noted, however, that hand correction of the alignments is also an important step for alignments created using Clustal and other multiple alignment programs such as HMMER. The user interface contains extensive warnings to alert the users to the fact that the alignments may not be optimal, and need to be checked before they are used.
Quality of the alignments
Features of MPAlign
On-the-fly translation. The translation feature is fairly crude: it literally translates the DNA to amino acids using the Universal Code. Frame shift mutations will destroy the reading frame, and stop codons will appear as a '*' but will not halt the translation. Since the alignments are nucleotide-based, the gaps are not always in-frame and could destroy the reading frame. For this reason, translated sequences are not aligned.
Downloading of sequences in different formats.
Sequences can be saved in Fasta, IG/Stanford, or GenBank format. The latter format does not allow aligned sequences, but can be downloaded in parallel so the background information about the sequences can be kept with the alignment.
Search parameters. Presently, searches can be refined by specifying sequence names (this field searches the former GenBank Locus Name and the isolate name that is entered by Los Alamos staff), by GenBank accession number, by HIV subtype or recombinant, and by country and year of isolation. Wildcard searches are supported, which means for example that users are able to retrieve sequence sets from a particular study fairly accurately if they have adjacent accession numbers.
Downloading user-specified regions. Users can shrink or expand the pre-defined regions, or retrieve alignments for longer stretches, by specifying the coordinates for the region they need rather than using the pre-defined regions. To facilitate this, a clickable map of the HIV-1 genome with the gene and region coordinates is provided in a small frame alongside the MPAlign interface.
Other options. Users can specify if they want to retain the 'overhanging ends' of sequences or have them clipped off. In addition, it is possible to retrieve fragments, sequences that fall partially or entirely inside the specified region but to not cover it completely. The labeling of the retrieved sequences can also be modified.
While the Web interface is currently only usable for HIV-1 sequences, efforts are under way to extend the method to HIV-2 and SIV sequences. The algorithm used is easily adaptable to any other organism for which a good model sequence can be generated. Its application is not limited to HMM, but can also be used with other similarity-searching algorithms such as (protein) profiles.
